MgO ®lms (2 nm thick) were grown on Mo and W substrates while metastable impact electron (MIES) and photoelectron spectra (UPS(HeI)) were collected in situ. Apart from the valence band (VB) emission no additional spectral features have been detected with electron spectroscopies. After exposing the oxide surface to Mg (substrate temperature between 100 K and RT) an additional peak, not seen with UPS, located within the band gap, shows up in MIES. It is located at about 2 eV above the top of the VB with a FWHM of about 1 eV at the lowest exposures. Electronic structure calculations based on the density functional theory (DFT) are presented for the adsorption of up to four Mg atoms to the defective MgO surface. Based on these calculations we attribute the additional emission to the formation of small Mg clusters. The calculations suggest that the nucleation starts at extended defects, steps in particular. Ó
Introduction
Several reasons exist why considerable attention is devoted to the addition of metal atoms to metal oxide surfaces. Metal addition to oxides leads to an enhanced reactivity via electron transfer to a variety of adsorbed molecules. This in turn is responsible for the formation of radical anion species [1, 2] . Moreover, the interaction between the metal, in particular clusters, and metal oxide substrates plays a key role in a number of technologically important applications including catalysis [3, 4] , metal±ceramic composites, gas sensors and microelectronics [5] . The study of the interaction between metal atoms and oxide surfaces is of importance in understanding phenomena like segregation of metal atoms at oxide surfaces [6, 7] , diusion of metal atoms on insulators [8] , the formation of metal-induced point Nuclear Instruments and Methods in Physics Research B 157 (1999) 162±166 www.elsevier.nl/locate/nimb defects on oxides [2, 9] and the formation of nanoparticles in semiconductors and insulators [10] . Surprisingly little is known about the electronic structure of metal/oxide interfaces, in particular about the type of the metal adsorption sites, the electronic character of the ®rst-layer metal species and regarding the nature of the interaction with nearest-neighbour metal atoms [5, 11] . Electronic structure studies of the early stage of metal growth on oxides are complicated because nucleation occurs preferentially at defect sites, such as vacancies, or extended defect sites, such as steps, kinks, etc. [12] . Unfortunately, the nature and extent of the defects are normally not well controlled in experimental studies of metal adsorption on metal oxides. The present metastable impact electron spectroscopy (MIES) study sheds light on the early stage of Mg cluster formation on MgO. Our main interest in this study is to obtain information on the nucleation mechanism; for this reason we study possible nucleation sites. To understand better the MIES results, we performed ab initio electronic structure calculations for the adsorption of Mg on MgO based on the density functional theory (DFT) and the method of pseudopotentials. When applied to the study of insulator surfaces, MIES provides information on the surface density of states (SDOS) of the outermost oxide layer together with the contribution from the metal species adsorbed on it. Moreover, unlike photoelectron spectroscopy with HeI, MIES is extremely sensitive to features resulting from the charge density of s-electrons as demonstrated when studying the adsorption of alkali and alkaline earth atoms on metals and semiconductors [13] . The electronic structure of small Cu clusters on ideal MgO surfaces has been studied in Refs. [14, 15] . The interaction of Rb, Pd and Ag atoms with the surface vacancies of MgO has been studied by ab initio cluster calculations [16] . A review on atomistic simulations of interfaces between oxides at metals can be found in Ref. [17] .
Experimental and theoretical approach
The apparatus used in these studies has been described previously [18, 19] . Brie¯y, it is equipped with a cold-cathode gas discharge source which serves, at the same time, (1) for the production of metastable He ( 3 S/ 1 S) (i Ã 19.8/20.6 eV excitation energy) with thermal kinetic energy required for MIES and (2) as a source for ultraviolet photoelectron spectroscopy (UPS(HeI)) (i Ã 21.2 eV). The electrons which are emitted when the metastable atoms or the HeI photons impinging upon the surface are detected in the direction normal to the surface. Metastable atom and photon contribution within the beam are separated by a time-ofight method.
MgO layers with an approximate thickness of 2 nm were prepared by evaporating Mg on a Mo(1 0 0) and W(1 1 0) substrate at room temperature, followed by a subsequent annealing to 800 K in oxygen ambient. As shown in previous MIES and UPS studies [20, 21] , the as-prepared MgO ®lms are very similar to MgO(1 0 0) single crystals with respect to their electronic structure.
In order to interpret the Mg-induced band gap feature we have considered the adsorption of up to four Mg atoms on the perfect (0 0 1) surface, near anion vacancies, neutral F S centers and at monoatomic steps. The energetics and geometry of metal atom clusters are analyzed and the SDOS is calculated in all studied cases. The calculations were made using the DFT theory and the VASP code [22, 23] for repeated supercells in the slab geometry. A detailed account of the theoretical method will be given elsewhere [24] ; only the results obtained for the adsorption at steps will be presented here in some detail.
Results

Fig. 1 presents MIES spectra acquired during
Mg exposure to the MgO-covered Mo(1 0 0) surface. We con®ne the analysis of these spectra to binding energies smaller than 11 eV because larger energies may be aected by the emission of electrons backscattered from the bulk. As already discussed at length previously [21, 25] , MIES spectra taken from the MgO ®lm, prior to Mg exposure (bottom spectrum), are essentially the image of the MgO SDOS as seen in an Auger deexcitation (AD) process. Thus, the structure seen between 4 and 10 eV binding energy with respect to i F is due to the ionization of MgO valence band (VB) states with predominantly O(2p) character. Good agreement is found between the SDOS derived from MIES and the theoretical results [21] . The lower part of the MgO band gap, between the top of the VB and i F , as determined from Fig. 1, amounts to 4 eV. The distance between i F and the vacuum level, i.e. the work function, amounts to 2.7 eV. It was derived from the cut-o of the spectra at large binding energies. Thus, the top of the valence band is (2X7 4X0) eV 6.7 eV below the vacuum. A more detailed discussion of MIES spectra for the clean MgO surface can be found elsewhere [21] . Shortly after the onset of Mg dosage (second spectrum, from the bottom in Fig. 1 ) an additional peak, located at about 2 eV above the top of the VB (2.2 eV binding energy), develops within the band gap. Since the work function of the MgO ®lm (2.7 eV) is considerably lower than the He2s binding energy, there are no unoccupied states available at the surface into which resonant transfer of the 2s electron could take place, even when taking into account an eventual shift of the 2s level during the He Ã interaction with the surface. Consequently, the band gap feature also arises from an AD process (involving electrons in Mg-induced occupied states below the Fermi level). At larger Mg exposures the MgO VB emission between 4 and 10 eV becomes considerably weaker, and ®nally the disappearance of the O(2p) structure in the topmost MIES spectrum in Fig. 1 indicates that the entire surface is covered by Mg. The peak in the band gap observed at small exposures turns into a continuum whose shape is very similar to what is seen for Mg ®lms. From the comparison of the areas under the valence band emission and the band gap feature we estimate a Mg coverage of 0.01 ML for the second spectrum from the bottom.
Also shown in Fig. 1 (see inset) is the work function change that takes place during the Mg exposure. When Mg atoms are oered to the oxide surface, the work function decreases by about 0.5 eV in the exposure range where the VB intensity decreases by about 10 percent (dotted MIES spectra). Simultaneously, the top of the VB shifts towards larger binding energies by about the same amount. Commonly, such a work function decrease upon exposure to metal atoms is attributed to charge transfer from the adatoms to the substrate [5] , and is indication that the adsorbed atoms possess some degree of ionicity. At larger exposures the work function plateaus at a level typical for metallic Mg ®lms (3.6 eV), which is consistent with a model wherein Mg islands grow with lateral bonding similar to bulk metal.
To understand better the experimental results described above, we calculated relaxed geometries, adsorption energies and the SDOS for up to four Mg atoms adsorbed on the terrace, surface point defects and at the step. The main numerical results are as follows. On the terrace, single Mg atoms adsorb above two nearest surface oxygens with very small adsorption energies of about 0.2 eV. In the SDOS there is an additional feature about 1 eV above the top of the VB due to Mg atoms. Integration of the charge around the adatom does not signal much charge transfer to the surface. How- ever, a more detailed analysis of the occupied orbitals reveals that the adatom participates in the states at the top of the VB whereas there is a signi®cant contribution of the two neighbouring oxygen atoms to the wavefunction associated with the additional peak. Thus, there is a sign for a weak chemical bonding between the adatom and the surface oxygens. As more Mg atoms are adsorbed on the terrace, the adsorption energy per adatom shows a slow linear growth due to the lateral interaction between the adatoms. In the SDOS the Mg-induced peak moves to an energy which is settled around 2 eV above the valence band at the exposure corresponding approximately to the half of the monolayer. Adsorption above surface F-center and anion vacancy shows similar features [24] .
Adsorption at extended surface defects such as steps is, however, substantially dierent. The SDOS for the monolayer step system with up to four adsorbed Mg atoms is shown in Fig. 3 . Zero energy corresponds to the top of the valence band, unsmeared by phonon broadening; thus, a binding energy of 4 eV in Fig. 1 corresponds to zero energy in Fig. 3 . At the lowest exposures single Mg atoms adsorb in front of a step facing two oxygen atoms, one at the step edge and one at the surface terrace underneath (see Fig. 2) . A substantial energy gain of 1.3 eV occurs upon adsorption. This is the largest adsorption energy for a single Mg atom found by us for the studied adsorption geometries [24] . The SDOS for this system displays a peak located about 2 eV above the top of the VB (see Fig. 3 , top spectrum). We ®nd signi®cant participation of surface oxygens in the states associated with this peak, which is a clear indication of strong chemisorption. It is worth noting here that the states at the upper half of the VB are also modi®ed due to adsorption (see Fig. 3 ).
As long as the sites at the step edge, which have the largest adsorption energy, are still available, additional Mg atoms prefer to stick to these positions decorating the steps. The SDOS for two Mg atoms both adsorbed in front of the step is shown in Fig. 3 (curve (2Mg) ). It demonstrates that due to additional Mg atoms adsorbed in front of the steps, a peak which is about 2 eV above the VB is developed. In addition, one can see a development of an additional feature within the VB due to distortion of the surface states by adsorbed Mg atoms. While comparing our results with experiment, one has to bear in mind that the simulation cells used in our calculations (44±48 atoms) correspond to quite high coverages of the Mg atoms on the surface. In addition, the terrace size (see Fig. 2 ) is strongly underestimated and therefore the eect of Mg atoms adsorbed near the step edge is overestimated. Finally, the arrangement of adsorbed Mg atoms is forced to be periodic in our calculations whereas in reality much more diverse con®gurations are possible.
As all step sites become occupied, nearby terrace sites in front of the step are gradually ®lled as shown in Fig. 2 . The adsorption energy per adatom drops only by ca. 0.3 eV in comparison with the sites immediately at the step edge, and it is still much larger than that for adatoms adsorbed on the terrace. In the SDOS several features develop around 1, 2 and 3 eV above the VB (curves (3Mg) and (4Mg) in Fig. 3 ). Mutual bonding between the Mg atoms, as well as between them and the surface oxygen atoms occurs and should lead to the work function rise seen in Fig. 1 . This also results in signi®cant distortion of the SDOS of the VB. Charge density on the metal atoms becomes more diuse and cluster formation starts at these exposures.
The comparison of the numerical and experimental results suggests the following model for the Mg adsorption on MgO surfaces: adsorption starts at extended defects, steps in particular. As a consequence, a broad peak shows up in the band gap, located 1±3 eV above the top of the VB of the MgO surface. It is due to formation of a chemical bond between the Mg species and the nearest oxygens. At larger exposures these Mg atoms serve as nucleation sites for the adsorption of additional Mg atoms at nearest terrace sites. When this takes place, the band gap feature broadens and the work function rises again. As the number of step sites is limited, main contribution to the observed SDOS should come from the terrace sites which give a feature 2 eV above the VB top. The peak around 3 eV above the VB due to adsorption at the step edge should become less visible as the exposure increases. Large enough Mg clusters apparently develop metallic character [24] .
The mechanism for Mg adsorption on MgO, namely bond formation between Mg and surface oxygen, is rather dierent from what happens for alkali adsorption on TiO 2 . In that case, the metal atoms adsorb ionically whereby the valence selectron is transferred to nearby cations (reduction of Ti 4 to Ti 3 3d) [12] .
